Introduction {#Sec1}
============

Ovarian cancer (OC) is the most deadly gynecological carcinoma and is the eighth leading cause for cancer mortality in women around the world^[@CR1]^. It is difficult to diagnose epithelial ovarian cancer (EOC) at the early stage owing to the deep location of ovaries in the pelvis, and approximately 60% of patients are diagnosed at the advanced stages^[@CR2]^. Surgical debulking and platinum-based chemotherapy or radiotherapy are standard therapies for EOC^[@CR3]^. Despite of improved treatment strategies for EOC, the 5-year survival rate of advanced EOC patients is rather low at less than 30%^[@CR4]^. Patients with recurrent EOC after initial therapy have few treatment options that greatly compromises their quality of life and life expectancy. Discovery of new therapeutic targets in EOC to improve the treatment outcome is urgently needed. Proteomic analysis is one of the approaches to identify therapeutic targets in OC. Proteomic analysis was applied to 174 ovarian tumors previously analyzed by The Cancer Genome Atlas (TCGA) and identified a strong association between specific histone acetylation and the homologous recombination deficiency phenotype^[@CR5]^. A recent study has also applied multi-level proteomics to platinum-sensitive and -resistant high-grade serous ovarian cancer (HGSOC) patients, in which CT45 was recognized as a therapeutic target in OC^[@CR6]^. However, because of the difficulty in collection of normal ovarian tissues from the same ovarian cancer patients, few proteomic studies have been performed to identify differentially expressed proteins between ovarian tumors and the paired normal ovarian tissues, which has limited our understanding of crucial proteins and pathways altered in ovarian tumors. In the present study, we characterized the proteomes of paired ovarian tumors and normal tissues of the same patients to find proteins and signaling pathways that may be therapeutically valuable for OC treatment. Additionally, we determined whether heat shock protein 60 (HSP60) was essential for OC cell progression.

HSP60 is a mitochondrial chaperone that maintains mitochondrial proteostasis. It plays a key role in the folding and transport of mitochondrial proteins and is associated with various types of cancer^[@CR7]^. HSP60 silencing makes cytochrome *c* release from mitochondria, which causes caspase-dependent death of tumor cells, suggesting that HSP60 is anti-apoptotic in tumors^[@CR8]^. However, HSP60 also plays a pro-apoptotic role by facilitating activation of pro-caspase 3^[@CR9]^. Notably, HSP60 is either significantly elevated or decreased in a number of cancers^[@CR10]^. Our earlier studies demonstrated that HSP60 knockdown interrupted the integrity of respiratory complex I, leading to reactive oxygen species (ROS) overproduction to activate the AMPK pathway, which drove cell growth of clear cell renal cell carcinoma (ccRCC). ccRCC exhibits the classic Warburg phenotype with increased glycolysis and dysfunctional mitochondria^[@CR11]^. We further showed that activated AMPK inhibits the mTOR pathway to suppress glioblastoma growth^[@CR12]^. This leads to our central hypothesis that HSP60 plays distinct roles in regulating tumorigenesis and progression of various tumors, because HSP60 promotes tumor progression of glioblastoma (GBM) but inhibits tumor progression of ccRCC. Therefore, it is important to investigate the effects of HSP60 expression on OC progression.

Some studies have reported that higher level of HSP60 expression in ovarian tumors correlated to the shorter overall survival^[@CR13]^. These findings indicate that HSP60 is a potential target for OC treatment. In the present study, we analyzed HSP60 expression in ovarian tumors and examined its effects on tumor progression. We found that HSP60 was highly expressed in ovarian tumors, and knockdown of HSP60 significantly impeded cell proliferation by disrupting mitochondrial proteostasis and activating the adenine-dependent AMPK pathway, indicating that HSP60 is a potential target for OC therapy.

Results {#Sec2}
=======

Proteins associated with oxidative phosphorylation and protein translation are upregulated in ovarian tumors compared with the normal ovarian tissues {#Sec3}
-----------------------------------------------------------------------------------------------------------------------------------------------------

Quantitative proteomic analysis was applied to investigate 10 pairs of ovarian tumor tissues and their associated normal tissue samples. We identified 7719 proteins, among which 5582 proteins were present in more than five pairs of samples. Missing values of these proteins were inputted in the Sequential KNN algorithm, and 2232 proteins were differentially expressed between tumor tissues and associated normal tissues. Among these proteins, 1925 were upregulated (abundance ratio ≥ 1.3, p-value ≤ 0.05), while 307 proteins were downregulated (abundance ratio ≤ 0.8, p-value ≤ 0.05) in ovarian tumors (Fig. [1A](#Fig1){ref-type="fig"}, Supplementary Tables [S1](#MOESM2){ref-type="media"} and [S2](#MOESM2){ref-type="media"}). Ingenuity pathway analysis (IPA) identified 20 mostly altered pathways (with the largest absolute values of z-score and p-values \< 0.05) that were related to tumor initiation and progression (Fig. [1B](#Fig1){ref-type="fig"}). Among these pathways, oxidative phosphorylation (OXPHOS), relying on five multimeric complexes which are embedded within the mitochondrial inner membrane^[@CR14]^, had the largest z-score, which implied OXPHOS was most significantly activated (z-score = 6.325, −log(p-value) = 13.1) in tumor cells. Fatty acid β-oxidation I was also significantly activated in tumor cells. Other activated pathways included isoleucine degradation, gluconeogenesis, NAD phosphorylation and dephosphorylation, and NAD salvage pathway II. NAD biogenesis is essential for energy metabolism^[@CR15],[@CR16]^. Among cellular growth and development signaling pathways, tRNA charging, eukaryotic initiation factor 2 (EIF2) signaling, and mTOR signaling were activated, indicating increased activities of protein translation in OC^[@CR17],[@CR18]^. Other activated pathways included phosphoinositide metabolism, phospholipase C signaling, pyrimidine ribonucleotides biosynthesis, and PI3K signaling in OC. The NRF2-mediated stress response and mitochondrial L-carnitine shuttle pathway are detoxification pathways for effective clearance of ROS in OC^[@CR19],[@CR20]^. The NF-κB pathway was activated in addition to remodeling of epithelial adherens junctions in the regulation of cell migration^[@CR21]^.Figure 1Proteins related to oxidative phosphorylation and protein synthesis are upregulated in ovarian tumors compared with associated normal tissues. (**A**) Volcano plot of ovarian tumor versus normal tissue proteomes. The fold changes in protein expression are plotted against the t-test p value (−log10). Red and green dots indicate the significance and fold change threshold, respectively (p-value \< 0.05, fold change ≤ 0.8 or ≥1.3). HSP60 is highlighted. (**B**) Numbers of upregulated and downregulated proteins in mostly changed (with the largest absolute values of z-score and p-values \< 0.05) canonical pathways according to ingenuity pathway analysis. Among these pathways, oxidative phosphorylation was the most activated (z-score = 6.325, −log(p-value) = 13.1) in ovarian tumors compared with the associated normal tissues. (**C**) Twenty-nine proteins related to oxidative phosphorylation were significantly upregulated in ovarian tumors. (**D**) Sixteen mitochondrial ribosomal proteins significantly increased in ovarian tumors. (**E**) Altered proteins associated with EIF2 and mTOR pathways. Data were analyzed by the Student's t-test. p \< 0.05 was considered as statistically significant. Error bars represent ± SEM.

OXPHOS was the most activated pathway in ovarian tumor cells compared with the non-tumor tissues, in which 29 proteins related to OXPHOS were significantly upregulated in OC, including 11 subunits of mitochondrial respiratory complex I, nine subunits of mitochondrial ATP synthase, six subunits of mitochondrial cytochrome c oxidase, CYC1, CYCS, and UQCRH (Fig. [1C](#Fig1){ref-type="fig"}). We also found upregulation of 16 mitochondrial ribosomal proteins including MRPL11, 17, 50, 1, 12, 44, 38, 15, 19, and 39, and MRPS27, 28, 31, 23, 22, and 33 (Fig. [1D](#Fig1){ref-type="fig"}). Proteins associated with EIF2 and mTOR pathways were also significantly upregulated in OC, including 8 subunits of eukaryotic translation initiation factor, 21 40S ribosomal proteins, DGKZ, PLD3, and PPP2R5C (Fig. [1E](#Fig1){ref-type="fig"}).

Silencing or inhibition of HSP60 inhibits the proliferation of ovarian cancer cells {#Sec4}
-----------------------------------------------------------------------------------

HSP60 is crucial for the maintenance of mitochondrial proteostasis. Proteomic results showed that HSP60 was one of the most upregulated proteins with the largest fold change and smallest p-value in tumor tissues compared with paired normal tissues (fold change = 2.7, p-value = 0.02) (Fig. [1A](#Fig1){ref-type="fig"}). This finding was confirmed by western blotting of 11 pairs of ovarian tumors and their paired normal ovarian tissues (Fig. [2A](#Fig2){ref-type="fig"}).Figure 2HSP60 knockdown decreases the growth rate of ovarian cancer cells *in vitro* and *in vivo*. (**A**) Western blotting images of HSP60 expression in 11 paired ovarian tumor tissues (T) and associated normal tissues (N). Juxtaposed images reflected western blotting results of samples gathered at different times. Multiple exposures with different exposure time are presented in Supplementary Fig. [S7](#MOESM1){ref-type="media"}, full-length/uncropped gels and blots were presented in Supplementary Fig. [S8](#MOESM1){ref-type="media"}. (**B**) Western blotting demonstrated that HSP60 was decreased in HSP60-KD A2780 cells compared with control cells. (**C**) Cell proliferation curve of HSP60-KD A2780 cells as compared to control cells. (**D**) Growth curves of tumors produced by HSP60-KD A2780 and control cells that were subcutaneously injected into mice. The volumes (mm^3^) of tumor were examined using digital calipers and estimated with the formula: π/6 × length (mm) × width (mm)^2^. (**E**) Images of tumors obtained from mice at 14 days after tumor cell injection. (**F**) Quantitation of fluorescence intensities. (**G**) Mizoribine attenuated the growth of HSP60-KD A2780 and control cells. P-values of the growth rate of Mizoribine-treated HSP60-KD1, KD2 A2780 and control cells were 0.0000037 and 0.00048, respectively. Data were calculated by the Student's t-test. \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.001. \*p \< 0.05 was considered as statistically significant. Error bars represent ± SEM. The bands of β-actin were from different part of the same gel with the corresponding bands of HSP60.

To examine the effects of HSP60 expression on tumor growth, we established stable A2780 cell line, in which HSP60 was knocked down by small hairpin RNA (shRNA) interference. The control cells were transfected with a scrambled shRNA without any homology in the human genome. Western blotting was used to analyze HSP60 silencing efficacy in A2780 cells, demonstrating that HSP60 expression was decreased by more than 50% in HSP60-KD1 cells and 70% in HSP60-KD2 cells (Fig. [2B](#Fig2){ref-type="fig"}). Further analysis by CCK-8 assays showed that HSP60 knockdown in A2780 cells resulted in a marked decrease in the proliferation rate (Fig. [2C](#Fig2){ref-type="fig"}). To examine the effects of HSP60 silencing on cell growth in a xenograft model, HSP60-KD1 and -KD2 cells were subcutaneously injected into immune-compromised mice. Fourteen days after injection, HSP60-KD-A2780 cells grew significantly slower than the control cells as quantified by a Vernier caliper, showing that the volumes of HSP60-KD1 and -KD2 tumors were 49% and 35% of the control tumors, respectively, and fluorescence intensity showing that HSP60-KD1 and -KD2 tumors were 47% and 24% of control tumors, respectively (Fig. [2D--F](#Fig2){ref-type="fig"}, Supplementary Fig. [S1](#MOESM1){ref-type="media"}). The xenograft experiments revealed that HSP60 knockdown significantly slowed tumor growth. Furthermore, we found that HSP60 inhibition by mizoribine^[@CR22]^ decreased the growth of A2780 and HSP60-KD A2780 cells (Fig. [2G](#Fig2){ref-type="fig"}). Importantly, A2780 cells were more susceptible to mizoribine treatment than HSP60-KD cells. These results demonstrated that high HSP60 expression is important to promote tumor progression of OC, which is a potential therapeutic target for OC treatment.

HSP60 knockdown disrupts mitochondrial integrity and decreases protein synthesis {#Sec5}
--------------------------------------------------------------------------------

To understand the mechanism of the effects of HSP60 knockdown on the growth of OC cells, quantitative proteomics was performed to identify differentially expressed proteins between control and HSP60-KD1 cells in biological quadruplicates, which identified 7683 proteins. Depending on the average reporter ion ratios in TMT quantitative analysis, 343 proteins were significantly downregulated (ratio \< 0.67, p-value \< 0.05), while 102 proteins were upregulated (ratio \> 1.5, p-value \< 0.05) in HSP60-KD1 cells compared with control cells (Supplementary Tables [S3](#MOESM2){ref-type="media"} and [S4](#MOESM2){ref-type="media"}). The biological relevance of the differentially expressed proteins was analyzed by Gene Ontology with Panther ([www.pantherdb.org/](http://www.pantherdb.org/)). Most differentially expressed proteins were associated with the cellular process and metabolic process (Supplementary Fig. [S2](#MOESM1){ref-type="media"}). IPA showed that 21 cancer-related pathways were mostly inhibited (with the largest absolute values of z-score and p-values \< 0.05) in HSP60-KD1 A2780 cells (Fig. [3A](#Fig3){ref-type="fig"}). Suppression of OSPHOS implied mitochondrial dysfunction in HSP60-KD A2780 cells, while decreased tRNA charging, p70S6K, and mTOR signaling pathways revealed that HSP60 silencing inhibited protein synthesis. Other pathways, including inositol phosphate and phosphoinositide metabolism, IGF-1 signaling, ErbB4 signaling, endothelin-1 signaling, and neuregulin signaling, were all inactivated in HSP60-KD cells. The NRF2-mediated oxidative stress response, integrin signaling, and NF-κB signaling were inactive in HSP60-KD cells, implying repressed detoxification of ROS, while apoptosis and cancer immunity^[@CR19],[@CR23],[@CR24]^ were enhanced (Fig. [3A](#Fig3){ref-type="fig"}). More importantly, HSP60 silencing inactivated a series of pathways that were significantly activated in OC (Fig. [3B](#Fig3){ref-type="fig"}). Proteins identified and the results of IPA pathway analysis of HSP60-KD2 A2780 and control cells were shown in Supplementary Tables [S3](#MOESM2){ref-type="media"}, [S4](#MOESM2){ref-type="media"} and Fig. [S3](#MOESM1){ref-type="media"}, respectively.Figure 3HSP60 knockdown disrupts mitochondria integrity and decreases protein synthesis. (**A**) Numbers of upregulated and downregulated proteins in mostly changed (with the largest absolute values of z-score and p-values \< 0.05) canonical pathways according to ingenuity pathway analysis. Among these pathways, oxidative phosphorylation was the most inhibited (z-score = −3.5, p-value \< 0.05) in HSP60-KD A2780 cells compared with control cells. (**B**) Comparative analysis of the z-scores of mostly changed pathways in clinical ovarian samples and HSP60-KD A2780 cells. (**C**) Fourteen and 11 subunits of mitochondrial complex I were downregulated in HSP60-KD1 and -KD2 A2780 cells, respectively. (**D**) Seventeen and 38 mitochondrial ribosomal proteins were downregulated in HSP60-KD1 and -KD2 A2780 cells, respectively. Data were analyzed by the Student's t-test. p \< 0.05 was considered as statistically significant. Error bars represent ± SEM.

Proteins associated with OXPHOS were upregulated in OC (Fig. [1C](#Fig1){ref-type="fig"}), but were downregulated in HSP60-KD cells. For example, 14 and 11 subunits of mitochondrial complex I were downregulated in HSP60-KD1 and -KD2 cells, respectively (Fig. [3C](#Fig3){ref-type="fig"}), and 17 and 38 mitochondrial ribosomal proteins were downregulated in HSP60-KD1 and -KD2 A2780 cells, respectively (Fig. [3D](#Fig3){ref-type="fig"}). These results indicated that HSP60 knockdown disrupted mitochondrial integrity and suppressed OXPHOS in A2780 cells. Furthermore, HSP60 knockdown upregulated expression of S-methyl-5′-thioadenosine phosphorylase (MTAP) and cytosolic purine 5′-nucleotidase (NT5C2) (Supplementary Tables [S3](#MOESM2){ref-type="media"} and [S4](#MOESM2){ref-type="media"}). To further explore the effects of HSP60 silencing on protein synthesis and degradation, multiplexed proteome dynamics profiling (mPDP) was used to distinguish constitutive and synthesis dependent HSP60 clients. mPDP combines dynamic stable isotope labeling with amino acids in cell culture (SILAC) with isobaric mass tagging to analyze protein degradation and synthesis. Among the nascent proteins, HSP60 silencing downregulated (fold change \< 0.8, p-value \< 0.05) 41 mitochondrial ribosomal proteins and 9 complex I subunits in 2780 cells, while upregulated (fold change \> 1.2, p-value \< 0.05) 0 mitochondrial ribosomal proteins and 1 complex I subunit, indicating that HSP60 silencing decreased synthesis of these mitochondrial proteins. Moreover, HSP60 silencing downregulated 48 mitochondrial ribosomal proteins and 9 complex I subunits in the mature proteins, while upregulated neither mitochondrial ribosomal protein nor complex I subunit in the mature proteins, showing that HSP60 silencing also caused fast protein degradation (Supplementary Fig. [S4](#MOESM1){ref-type="media"}, Tables [S5](#MOESM2){ref-type="media"} and [S6](#MOESM2){ref-type="media"}). These results demonstrated that the levels of mitochondria ribosomal proteins and complex I subunits not only depend on HSP60 during protein synthesis, but their stability also consistently requires HSP60.

Knockdown of HSP60 activates the adenine-AMPK pathway, which suppresses the mTOR pathway in ovarian cancer cells {#Sec6}
----------------------------------------------------------------------------------------------------------------

The above results revealed that HSP60 knockdown reprogrammed cellular metabolism. Next, we performed metabolomics analysis to determine metabolite differences between HSP60-KD and control cells in five biological replicates. We found that HSP60 silencing increased adenine levels by 104-fold among 259 altered metabolites in HSP60-KD1 cells (Fig. [4A](#Fig4){ref-type="fig"}) and increased adenine by 171-fold among 232 altered metabolites in HSP60-KD2 cells (Supplementary Tables [S7](#MOESM2){ref-type="media"} and [S8](#MOESM2){ref-type="media"}). IPA analysis of the significantly changed metabolites demonstrated that purine nucleotide de novo biosynthesis II and AMPK signaling pathways were the most activated (with the largest z-scores and p-values \< 0.05) canonical pathways in HSP60 KD cells (Supplementary Tables [S9](#MOESM2){ref-type="media"} and [S10](#MOESM2){ref-type="media"}). Other activated pathways included dolichyl-diphospho-oligosaccharide biosynthesis, gluconeogenesis, and CMP-N-acetylneuraminate biosynthesis I (Fig. [4B](#Fig4){ref-type="fig"}). We found that adenine precursor 5′-methylthioadenosine (MTA) was decreased by 30% and 64% in HSP60-KD1 and KD2 cells, respectively (Fig. [4C](#Fig4){ref-type="fig"}). Conversion of MTA to adenine is catalyzed by MTA phosphorylase (MTAP), which was upregulated in HSP60-KD A2780 cells based on proteomics and western blot results (Fig. [4D](#Fig4){ref-type="fig"}). MTAP-mediated MTA degradation is the main source of cellular adenine^[@CR25]^. We also found that phosphoribosyl pyrophosphate (PRPP) was increased by 1.7- and 1.4-fold in HSP60-KD1 and -KD2 cells, respectively, while adenosine monophosphate (AMP), a product of the adenine phosphoribosyltransferase (APRT)-catalyzed reaction between adenine and PRPP^[@CR26]^, was increased by 6.5- and 7-fold in HSP60-KD1 and -KD2 cells (Fig. [4C](#Fig4){ref-type="fig"}).Figure 4Metabolomic analysis of HSP60-KD A2780 and control cells. (**A**) Volcano plot of significantly changed metabolites in HSP60-KD1 A2780 and control cells. Expression fold changes are plotted against the t-test p value (−log10). Red and green dots indicate the significance and fold change threshold, respectively (p-value \< 0.05, fold change ≤ 0.75 or ≥1.3). Adenine is highlighted. (**B**) Numbers of upregulated and downregulated metabolites in mostly changed (with the largest absolute values of z-score and p-values \< 0.05) canonical pathways according to ingenuity pathway analysis. (**C**) Fold change of metabolites related to the adenine-AMPK pathway in HSP60-KD A2780 cells. (**D**) Western blotting and protein fold change of MTAP in HSP60-KD A2780 cells. Data were analyzed by the Student's t-test. p \< 0.05 was considered as statistically significant. Error bars represent ± SEM. The bands of β-actin were from different part of the same gel with the corresponding bands of MTAP.

Because AMP promotes AMPK signaling^[@CR27]^, we hypothesized that the accumulated adenine increased AMP and consequently drove AMPK signaling in HSP60-KD cells. Western blotting showed that phosphorylation of AMPKα-T172 was significantly increased in HSP60-KD cells (Fig. [5A](#Fig5){ref-type="fig"}). The mTOR pathway is the known target of the activated AMPK in which raptor phosphorylation by AMPK prevents the formation of the mTORC1 complex^[@CR28]^. Indeed, western blotting showed significantly increased phosphorylation of raptor, and decreased phosphorylation in S6K and 4EBP1 (Fig. [5B](#Fig5){ref-type="fig"}). Adenine treatment also increased AMPKα phosphorylation and inhibited mTOR phosphorylation, which was rescued by p-AMPK inhibitor dorsomorphin (Compound C) hydrochloride (Fig. [5C](#Fig5){ref-type="fig"}), indicating that accumulation of adenine in HSP60-KD cells could activate the AMPK pathway, thereby inhibiting the mTOR pathway. Furthermore, adenine treatment induced cell death of A2780 cells with an IC~50~ of 4.97 mM (Fig. [5D](#Fig5){ref-type="fig"}), indicating that adenine inhibited cell growth of OC. Then we treated HSP60-KD A2780 cells with MTAP inhibitor MT-DADMe-ImmA (MTDIA) and demonstrated that inhibition of production of adenine in cells by MTDIA could rescue the mTOR pathway of HSP60-KD1 and KD2 cells in a dose-dependent manner (Fig. [5E](#Fig5){ref-type="fig"}). The above results suggested that the activated adenine-AMPK pathway suppressed the mTOR pathway in HSP60-KD A2780 cells (Fig. [5F](#Fig5){ref-type="fig"}).Figure 5Knockdown of HSP60 activates the adenine-AMPK pathway and suppresses the mTOR pathway. (**A**) Increased phosphorylation of AMPK (T172) in HSP60-KD A2780 cells. (**B**) Inhibited mTOR pathway in HSP60-KD A2780 cells. (**C**) Increased p-AMPK and decreased p-mTOR in adenine-treated A2780 cells. p-AMPK and p-mTOR were restored in Compound C-treated HSP60-KD A2780 cells. (**D**) Cytotoxicity of adenine on A2780 cells. (**E**) MTDIA, as MTAP inhibitor, could rescue p-mTOR of HSP60-KD cells. (**F**) Conceptual representation of regulation of the adenine/AMPK/mTOR pathway. Error bars represent ± SEM.

Discussion {#Sec7}
==========

OC is one of the deadliest gynecological malignancies. Finding new therapeutic strategies is urgently needed to improve the 5-year survival rate that remains below 30%^[@CR4]^. By analyzing paired ovarian tumor and normal ovarian tissues, we found that proteins associated with energy metabolism, cell growth, detoxification, immunity, and cell motility were significantly altered in OC, resulting in activation of two predominant cellular processes, OXPHOS and protein synthesis. The classic Warburg hypothesis proposes that dysfunctional mitochondria are the cause of the higher rate of glycolysis as well as the predominant cause of cancer development. The classic Warburg phenotypes were confirmed in some tumors, such as clear cell renal cell carcinoma^[@CR11]^, but not in glioblastoma^[@CR12]^. In ovarian cancer, proteins of OXPHOS were significantly upregulated in tumor samples, suggesting that the classical Warburg effects were not operative in this type of cancer. However, mitochondrial functions were essential for tumor progression.

HSP60 is the major chaperonin that regulates mitochondrial proteostasis. The roles of HSP60 in tumorigenesis and progression have been context dependent. The high expression of HSP60 were found in GBM, prostate cancer, and colon cancer, whereas HSP60 expressions are lower in ccRCC and bladder cancer as compared to the paracancerous tissues^[@CR10]^. We analyzed data from The Cancer Genome Atlas (TCGA) and found that the expression levels of *HSPD1* mRNA were elevated in GBM, prostate cancer, colon cancer, and decreased in ccRCC (Supplementary Fig. [S5](#MOESM1){ref-type="media"}). In our previous study, we detected that HSP60 expression was significantly lower in ccRCC tissue as compared to the adjacent paracancerous tissues^[@CR11]^. HSP60-overexpression in ccRCC cells decreased cell growth, while knockdown of HSP60 enhanced glycolysis and decreased oxidative phosphorylation of ccRCC cells^[@CR29]^.

In the present study, we proved that HSP60 was upregulated in OC tissues compared with normal tissues, and HSP60 knockdown reduced the proliferation of ovarian cancer cells. We performed proteomic analysis to identify differentially expressed proteins between HSP60-KD and control cells, revealing that HSP60 knockdown reversed most pathways activated in OC, and in particular, it significantly downregulated proteins associated with mitochondrial functions and protein synthesis. Furthermore, inhibition of HSP60 by mizoribine decreased cell growth and proliferation. These results indicated that HSP60 was a potential therapeutic target for ovarian cancer.

Our previous study showed that HSP60 silencing activated the AMPK pathway^[@CR11],[@CR12]^. To explore the mechanisms underlying HSP60 silencing-mediated AMPK activation, we performed metabolomic analysis and surprisingly discovered that HSP60 silencing increased the cellular adenine level by more than 100-fold. Analysis of metabolomic data led us to hypothesize that MTAP-mediated degradation of MTA to adenine contributed to the increase of the cellular adenine level and activation of the AMPK pathway. We also found that MTAP was downregulated in seven ovarian tumor samples as compared with the paired normal tissues by western blotting (Supplementary Fig. [S6](#MOESM1){ref-type="media"}), which correlated well with our results that HSP60 downregulation in ovarian cancer cells led to increase expression of MTAP. It has been reported that MTAP is downregulated in solid tumors and hematological malignancies because of *MTAP* deletion or methylation at the *MTAP* promoter region^[@CR30]^. Downregulation of MTAP in OC has also been correlated with poor prognoses^[@CR31]^. MTA is cleaved by MTAP to generate adenine and 5-methylthioribose-1-phosphate. The latter compound is a precursor of methionine^[@CR32]^. In our metabolomic study, methionine was decreased significantly in HSP60-KD A2780 cells. S-adenosylmethionine (SAM) is the general methyl donor for methylation, and methionine is needed for the production of SAM^[@CR33]^. We found that SAM was decreased in HSP60-KD A2780 cells, which might reduce methylation of the MTAP promoter, inducing MTAP expression.

Further analysis revealed that HSP60 silencing increased the AMP level by 8-fold, leading to the increased AMP/ATP ratio and AMPK activation. Indeed, HSP60 silencing significantly increased AMPK T172 phosphorylation. Previous studies have shown that activated AMPK inhibits formation of the mTORC1 complex via raptor phosphorylation. Our results showed that HSP60 knockdown activated AMPKα and inhibited mTOR and its downstream targets p70S6 kinase and 4EBP1 in A2780 cells. These results demonstrate that HSP60 silencing activates adenine/AMPK pathways to inhibit protein synthesis in OC cells (Fig. [5E](#Fig5){ref-type="fig"}). More importantly, we revealed that adenine treatment induced apoptosis of OC cells.

Conclusion {#Sec8}
==========

Our results generated the proteome landscape of ovarian cancer and shed lights on understanding HSP60 functions in ovarian cancer progression. We demonstrated that HSP60 was essential in mitochondrial proteostasis. HSP60 knockdown interrupted the integrity of the respiratory chain and downregulated proteins involved in translation, led to accumulation of adenine and activation of the AMPK pathway, thereby inhibiting the mTOR pathway, which shut down protein synthesis and suppressed cell growth. Our data indicate that HSP60 is a potential target for ovarian cancer treatment.

Materials and Methods {#Sec9}
=====================

Clinical human ovarian cancer samples {#Sec10}
-------------------------------------

We collected 11 pairs of ovarian tumor tissue samples and associated normal ovarian tissue samples with written informed consent from patients with OC undergoing surgery at the Department of Gynecologic Oncology of Women's Hospital of Zhejiang University School of Medicine (Hangzhou, China). Their clinical information was presented in Supplementary Table [S11](#MOESM2){ref-type="media"}. Pathological features of tumors were confirmed according to post-operative pathology. Normal ovarian tissues were obtained from the contralateral ovaries that were confirmed normal via post-operative pathology. The study was approved by the Scientific and Ethics Committee of the Women's Hospital of Zhejiang University School of Medicine. All experiments were performed in accordance with relevant guidelines and regulations. Informed consent was obtained from all participants and/or their legal guardians. Part of the specimen was stored at −80 °C. 8 M Urea in PBS (pH 7.4) was used to extract total proteins for proteomic study and western blotting.

Quantitative proteomic analysis {#Sec11}
-------------------------------

Liquid chromatography -- tandem mass spectrometry (LC--MS/MS) was used to carry out quantitative proteomic analysis as previously described^[@CR12],[@CR34]^. Briefly, 100 μg proteins extracted from the clinical samples or cell lines were reduced by dithiothreitol and alkylated with iodoacetamide, followed by digestion with trypsin at 37 °C overnight. The purified peptides were labeled with TMT reagents (Thermo, Waltham, MA), mixed together, desalted and separated by reverse phase (RP) chromatography. The data-dependent acquisition method was used to acquire MS data by Orbitrap Q-Exactive mass spectrometer, utilizing Xcalibur 3.0 software. Proteomic analysis of cell lines was carried out in biological quadruplicates. The MS/MS spectra were cross-referenced against the UniProt human database, the search engine was SEQUEST from Proteome Discoverer Software (version 2.1).

Ingenuity pathway analysis {#Sec12}
--------------------------

Significantly changed proteins or metabolites (fold change \< 0.8 or \>1.3, p \< 0.05) were uploaded into Ingenuity Pathway Analysis (IPA) software to perform pathway analysis. The p-values of pathways were calculated based on Fisher's exact test right-tailed methods. The match between observed gene expression and expected relationship direction was measured with Z-score. Z-score \> 2 is considered that pathway is significantly activated, z-score \< −2 is considered that pathway is significantly inhibited, but a pathway does not have a good z-score does not make it uninteresting^[@CR35]^.

Western blotting {#Sec13}
----------------

Western blot analysis followed a standard procedure. Cells were lysed in RIPA buffer (Solarbio). Protein concentrations were measured using the BCA protein assay kit. Equal amounts of proteins were run on a 12% SDS-PAGE gel and transferred onto a PVDF transfer membrane^[@CR11]^. Anti-β-actin antibody was purchased from Abcolonal (Wuhan, China). Anti-HSP60, AMPKα, phospho-AMPKα (Thr172), Raptor, phosphor-RAPTOR (Ser792), 4EBP, and phosphor-4EBP (Thr37/46) antibodies were obtained from Cell Signaling Technology (Danvers, MA). mTOR, phosphor-mTOR (Ser2448), p70s6k, phosphor-p70S6K (Thr389) antibodies were obtained from Sigma (St Louis, MO). MTAP antibody was obtained from Proteintech (Chicago, IL). The Immunoblots were detected using ECL reagents (Engreen, China) and Chemidoc Apparatus with Image Lab software.

Cell lines {#Sec14}
----------

Human ovarian cancer A2780 cell line (A2780) was purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). A2780 cells were grown in DMEM media (Wisent, Montreal, QC). The culture media was supplemented with 10% fetal bovine serum (Wisent, Montreal, QC) and 1% penicillin/streptomycin (Wisent, Montreal, QC)^[@CR11]^.

Establishment of stable HSP60 knockdown cell lines {#Sec15}
--------------------------------------------------

Production of lentiviral particles of HSP60-shRNAs was performed according to the protocol published by Tiscornia *et al*.^[@CR36]^. The two shRNAs targeting HSP60 were chosen based on previous study and were confirmed not targeting homologous sequences by NCBI BLAST^[@CR37]^. A scrambled non-silencing shRNA without homologous sequence in the human genome was used as negative control^[@CR12]^. The shRNA sequences were listed in Supplementary Table [S12](#MOESM2){ref-type="media"}. The annealing conditions were as follows: incubation at 95 °C for 2 min, decreased to 25 °C by 0.1 °C/s, and 4 °C for 10 min.

The products were added phosphate group with ATP and T4 PNK (NEB) and purified with gel DNA purification kit (TIANGEN). Restriction sites were created on the double strand shRNAs and pll3.7 vector, and the shRNAs were inserted into plasmid pLL3.7 lentivirus vectors respectively with T4 DNA ligase. The ligation products were transformed to competent DH5α cells (TIANGEN)^[@CR38]^. After incubating the plates at 37 °C overnight, we validated five colonies randomly for each transformation by DNA sequencing. The correct plasmids were isolated with DNA extraction kit (TIANGEN).

Pll3.7-shRNAs were co-transfected with p MD2.G, p MDLg/p RRE and p REV-Rev into 293 T cells using PEI when cells reached 60--70% confluence. 72 h later, supernatants were harvested with PEG6000 and were used to infect A2780 cells with 6 μg/ml of polybrene when cells reached 30--40% confluence. GFP positive monoclonal cells were sorted into one single well of a 96-well plate by flow cytometer and cultured to generate stable cell lines, the expression level of HSP60 was measured by western blotting. Two HSP60-silencing cell lines HSP60-KD1 and HSP60-KD2 were established with two different shRNAs targeting HSP60. The control cell line was established with the scrambled non-silencing shRNA.

Detection of cell proliferation by CCK-8 assay {#Sec16}
----------------------------------------------

Cells were digested and seeded into 96-well plates (100 μL/well; 2000 cells/well) and 5 wells were included in each group. Cells were incubated at 37 °C in an environment with 5% CO~2~. At 0, 12, 24, 36, 48, 72, and 84 h, 10 μL of CCK-8 solution (Dojindo Co., Ltd. Japan) was added into each well, followed by incubation for 1.5 h, then absorbance was measured at 450 nm.

For detecting survival rate of A2780 cells treated with mizoribine or adenine, cells were seeded into 96-well plates (100 μL/well; 5000 cells/well), 5 wells were included in each group. After culture of 6 h, cells were treated with mizoribine (4.5, 1.5, 0.5, 0.17, 0.06, 0 mM, for 48 h) or adenine (25, 12.5, 6.25...0 mM, for 24 h). The CCK-8 reagent was added to treated cells and cultured at 37 °C for 1.5 h. A microplate reader was used to measure optical density (OD) at 450 nm^[@CR39]^.

Xenograft experiments {#Sec17}
---------------------

All animal studies were approved by the Animal Research Ethics Committee of the Tsinghua University. All experiments were performed in accordance with relevant guidelines and regulations. For xenograft experiments, 6 × 10^6^ HSP60-KD1, HSP60-KD2 A2780 and the control cells were harvested, washed, resuspended in 150 μL PBS and injected subcutaneously into 5-week-old nude mice (Vital River Company, China). Tumor sizes at 14th days after injection were quantified via fluorescence imaging using IVIS *in vivo* imaging system (Perkin Elmer, Waltham, MA)^[@CR11]^. At the end of imaging, tumor samples from the three animal groups were harvested.

Multiplexed proteome dynamics profiling {#Sec18}
---------------------------------------

Multiplexed proteome dynamics profiling (mPDP) was used to analyze protein degradation and synthesis, it combined mass-spectrometry-based method and dynamic-SILAC labeling with isobaric mass tagging^[@CR40]^. The experiment was carried out in biological triplicates. A2780 cells were grown in light SILAC medium containing arginine ^12^C~6~ ^14^N~4~ and lysine ^12^C~6~ ^14^N~2~, the shRNA targeting HSP60 and control shRNA were transfected transiently into A2780 cells respectively, and cultured for 48 h, then the medium was changed to the heavy SILAC medium containing stable isotope-enriched amino acids arginine ^13^C~6~ ^15^N~4~ and lysine ^13^C~6~ ^14^N~2~, after 6 h of incubation, cells were lysed, and proteins were digested with trypsin, and labeled with TMT reagents. After that, all samples were mixed and subjected to LC-MS/MS. The abundance of mature peptides and newly synthesized peptides could be measured using reporter ions in tandem mass spectra of SILAC light and heavy-encoded peptide ion signals.

Metabolomic analysis {#Sec19}
--------------------

Metabolomic analysis was carried out as previously described^[@CR11]^. Briefly, the extracted metabolites were concentrated in 80% methanol and subjected to LC-MS/MS analysis. The Q-Exactive Mass Spectrometer was used to carry out untargeted metabolomic profiling. To perform targeted quantitative analysis, we used the TSQ Quantiva™ Triple Quadrupole Mass Spectrometer with positive/negative ion switching. Retention time on the LC analysis and TraceFinder were used to identify metabolites.

Statistical analysis {#Sec20}
--------------------

For proteomic analysis of 10 pairs of clinical samples, proteins with the missing value (whose peak intensities was 0 s) ratio above 50% were removed and proteins with missing value rates less than 50% were remained, missing values of these proteins were imputed with the Sequential KNN algorithm^[@CR41],[@CR42]^. Proteomic analysis was performed using four biological replicates, multiplexed proteome dynamics profiling was carried out in biological triplicates. Metabolomic analysis was carried out in five biological replicates. Significantly changed proteins and metabolites were determined using the two-tailed Student's t test and screened by volcano plot analysis using R (V.3.3.2). Xenograft experiments and detection of cell survival rates were carried out at least in three biological or technical replicates. Two-sided unpaired t tests were carried out with GraphPad Prism 6.0 software. P values of \<0.05 were considered significant.
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